Introduction
Up to now, very little is known about the diffusion rates of small gas molecules in vitreous Ge02 2 , one of the important one-component glass forming substances. By contrast, various other physical properties of this glass have been studied [3] [4] [5] [6] [7] [8] [9] [10] , usually in comparison to fused Si02, so as to characterize the random network structures present as best this may be possible. Diffusion and solubility measurements might contribute to this overall goal, complementing perhaps some of the ideas and theories concerning glass structure, as will be discussed below.
Vitreous Ge02 is known to devitrify quite readily at elevated temperatures n ' 12 , and traditional permeation experiments on very thin membranes of Ge02 would therefore probably be extremely difficult, especially under isothermal conditions. Recently, a fairly rapid nonisothermal technique has been developed in this laboratory for the determination of diffusion coefficients 13 . Using this approach, Ge02 samples need not be exposed to elevated temperatures for very long, and the devitrification can thus be kept within acceptable limits (about 4%). Furthermore, since the glass transition range of Ge02 (570 °C) can easily be reached and the melt viscosity around 600 °C is very high, one can readily study this substance above as well as below the glass transition, using the nonisothermal method.
The earlier results from the new techniques as applied to fused Si02 13 were found to agree fairly well with literature values derived from isothermal measurements. In the present study, results obtained by both methods and on similar samples are compared to gain additional support for the use of the nonisothermal method.
Experimental
The germanium dioxide used was Alfa Inorganics Ventron grade, 99.999% pure, except for a small and variable amount of water present. The granular material was either used in its original condition, or it was melted at about 1470° for about one-half hour, broken up, ground, and sieved several times in an atmosphere of 10 to 15% relative humidity. The size distributions of the resulting batches were determined microscopically as described earlier 13 , with the principal results as shown in Table 1 . The densities of the original and of the remelted material were found to be 3.81 + 0.03 g/ml and 3.612 + 0.004 g/ml, respectively, using a pycnometer with benzene as immersing liquid. Several small batches of the remelted, ground, and sieved material were annealed between 630° and 890°, for a number of hours, so as to obtain partially devitrified samples.
The X-ray diffraction patterns of the commercial granular material, Sample M, of several remelted samples, and of all annealed samples were obtained an a Jarrell-Ash Model 80-300 diffractometer, using CuKa radiation. Since perfect crystals were not available, Sample M was used as a relative standard; to determine the crystallinity of this material, the amorphous scatter was measured in the range 2 0 = 47° to 56°, where 0 is the angle of incidence. This result was corrected for the small background originating from the sample holder material, and compared to the corresponding value of a nearly amorphous sample. Next, from the amorphous content so obtained, the crystallinity of Sample M was calculated by difference. Finally, the crystalline diffraction peak heights of the various other samples were divided by those of Sample M, at 2 0 = 47°, 52°, and 56°, and their crystallinities estimated indirectly from the average values of these ratios. The results so obtained are listed in Tables 2  and 3 , together with the principal experimental results. Only the hexagonal modification of Ge02 was detected in the samples used; this form is known to form first during devitrification 15 . Ge02 samples of small grain size were found to devitrify readily at high relative humidity, even at room temperature 2> 3 . Presumably this crystallization is confined to the surface of the individual grains and may be very different from that produced by annealing. To minimize changes on the surfaces, the samples were handled and stored at low relative humidities.
The relative amounts of crystalline material present in the annealed samples and in Sample M were also determined from the height of a small sub-maximum of the IR absorbance near 970 cm -1 , known to be characteristic of the hexagonal modification of Ge02 16~19 .
The absorbance values were actually more reproducible than the X-ray results, and both sets of data showed a linear correlation. The IR measurements based on the KBr pellet method were very convenient and required only very small amounts of sample, but the resulting measures of crystallinity are only relative ones, at this time.
To characterize the GeOa samples further, the pore volumes were measured by a mercury intrusion method using a 60,000 psi "Porosimeter" of the American Instrument Company. The results obtained on two typical samples are shown in Figure 1 . Also, BET surface areas were determined on a sample of small grain size (Sample M), using Kr as sorbate at liquid nitrogen temperature 20 . The surface area was found to be 0.46 + 0.04 m 2 /g, which is roughly three times larger than the microscopically visible area.
Most of the desorption experiments were done under nonisothermal conditions as described earlier 13, 21 , the sample being heated at a slow and uniform rate. The method is efficient even though the precision achieved in the individual experiments is somewhat lower than what is possible in isothermal desorption experiments, as discussed in detail in the earlier publication 13 .
A number of isothermal runs were performed to check the accuracy of the results. This second method used also has been reviewed earlier 13 , including the internal sensitivity calibration of the mass spectrometer using commercial standard leaks, and the semi-automatic operation of the instrument 22 . 13 . e The units of D0 are cm 2 /sec. f The crystallinities of Samples E, K, and H were 3.0, 2.5, and 2.5%, respectively, after the last desorption experiment. S Several other semi-quantitative results were obtained which confirm this trend, h TG is the glass transition temperature of Ge02 . Footnotes a through e can be found at the end of Table 2 . f Per cent crystallinity, determined by X-ray diffraction met]
Results
Some typical results from replicate nonisothermal desorption experiments are shown in Figure 2 . The small amount of Ne detected early in each run probably constitutes gas left in the interspaces between Is (see text).
the sample grains in spite of repeated rapid flushing of the sample with small portions of an inert gas, such as nitrogen, at the end of the sorption process. The Ne desorbing toward the end of each experiment probably originated from the platinum sheet metal sample containers, judging from blank ex- Table 1 ). Fig. 2 . Typical neon desorption transients obtained on a single sample of Ge02 , (Sample E). The time scale on the abscissa can be converted to a temperature scale, since a 1 min interval corresponds to a 3.5° rise in temperature. The curves are shifted along the abscissa relative to each other, for clarity. The ordinates are plotted on the same scale. Additional details concerning these runs are given in Table 2 . TIME (10 M I N> periments. The reproducibility of the center part of the curves shown in Fig. 2 is typical of the nonisothermal method. Some of the Ge02 granular samples used were sent through an Ar plasma arc in an effort to produce spherical sorbent particles, by quick melting of the surface layer. The desorption transient curves obtained on such samples were quite irregular and non-reproducible in shape, as shown in Fig. 3 (lower curve). The drastic thermal treatment presumably caused the spherical grains to have considerable internal heterogeneity.
Next, in a few cases the desorption experiments were extended into and above the glass transition range and distorted transient curves were obtained as shown in Fig. 3 (upper curve) . This result is consistent with the very non-uniform thermal expansion encountered in this temperature range 23 .
Finally, some desorption transient curves were obtained on partially devitrified samples (Fig. 4) . In general, the temperature where the sorption rates reached a maximum seemed to shift to fairly high values, with increasing crystallinity. Sometimes very irregular desorption curves were obtained which could not be evaluated (see Fig. 4 ).
From the primary experimental data, that is Tmax, the temperature at which the desorption transient TIME (10 MIN.) • Fig. 3 . Distorted desorption transients. Sample H, sample entering glass transition range; Ar sorbate. 0> sample superficially melted in a plasma arc, to produce spherical grains (see text). For details on the first experiment, see Table 2 .
Abscissa and ordinate scales as in Figure 2 .
curves reached a maximum, and AT, the width of this curve at one-half its maximum height, the parameters E and D0 were obtained, according to the Table 3 . The second experiment was not evaluation due to its very irregular shape. The sample origin and grain size were the same as in the first experiment, and the crystallinity was 22%.
Arrhenius equation for the diffusion coefficient, D, that is

D = D0exp{-E/RT} (1)
where R and T have their usual meaning 21 . The principal results are listed in Tables 2 and 3 . The random scatter in the E and D0 data is distinctly higher than that in the Si02 data reported earlier 13 , presumably due to the onset of devitrification; the highly devitrified samples led to results of very low reproducibility (Table 3) , consistent with the irregularity of the corresponding desorption transient curves (Fig. 4) . The E and D0 data reported were corrected for the presence of the grain size distributions in the granular samples, as discussed previously in some detail 13 ' 24 . Most corrections for E were smaller than 0.8 (kcal/mole), and for logö0 smaller than 0.5 units.
The most serious random errors other than those arising from partial devitrification, and from the size distribution are those in AT, that is the measured half-widths of the desorption transients; for example, an error of +10 degrees corresponds to + 0.6 kcal/mole and + 0.16 errors in E and log D0 , respectively, for a typical Ne experiment on Sample I.
The Ar desorption data are distinctly less precise than the He and Ne results because these results reported were obtained on samples of fairly wide size distribution and thus required rather large size distribution corrections 13 , and the minute Ar background present in the mass spectrometer constituted an appreciable fraction of the total Ar present during the desorption experiments.
Some isothermal experiments were carried out to check the above results. The diffusion coefficients obtained are shown in Table 4 . The activation energy for Ne in Sample G was found to be 13.2 kcal /mole and D0 = 2.5 x 10 -4 cm 2 /sec. Table 1 . Sample M is moderately crystalline; sample G is nearly amorphous (not annealed). b Graphical method of data evaluation as described in Ref. 13 .
To obtain approximate solubilities from the primary rate data, the maximum desorption rate, Ämax •/?(Ne, st. leak)
where P.H. (Ne, sample) max , P.H. (Ne, st. leak), and P.H. (Ar, st. leak) are the measured peak heights of the Ne desorbing at the maximum of the transient curve, that of a Ne standard leak, and that of an Ar standard leak, respectively. /?(Ne, st. leak), the rate of Ne flow from the standard leak, was given by the manufacturer (Hastings-Raydist). The first ratio of peak heights was measured during the desorption experiment while the second one, in square brackets, was obtained under similar conditions before and after the experiment. Both ratios are slightly pressure dependent and random errors of 10 or 20% are likely to enter the estimates of Rma.x» and of the solubilities. The results so obtained are shown in Table 5 , together with those for fused Si02, based on earlier data 13 . 
Discussion
The trends in the noble gas solubilities listed in Table 5 probably indicate that relatively large gas atoms find it difficult to penetrate, or to make use of, all the regions of the glass matrix which are accessible to the small He atoms. This result is not very surprising, it is at least qualitatively in agreement with earlier literature data on glasses 25 , and on zeolites 26 . By contrast, the solubilities of various gases in organic liquids correlate quite well, e. g. with the Lenard-Jones parameter (e/k), and increase with solute molecular size, indicating that they are controlled in large measure by the sorbent-solute interactions 27 .
The very strong decrease of the logZ)0 values with increasing molecular size may well be related to the differences in accessibility, like the trends in the solubilities. Specifically, the small He atoms may find many useful diffusion paths through the glass random network, while the large Ar atoms cannot penetrate some portions of the matrix. Probably the critical (narrowest) inner dimensions of the interstices used are distributed over a wide range, and a given diffusing gas atom will utilize those passageways which require relatively low activation energies and which are relatively numerous. As a result, there is a balance between the average or measured activation energy and the value of log D0 . Since an independent measure of the number of paths used by a given noble gas atom does not seem available, at this time, it may be fruitless to compare the measured D0 values to those estimated from absolute rate theory 28 or from ZENER'S theory 29 The BET surface area of vitreous Ge02 and the coarse pore volumes determined by the Hg intrusion method are found to be distinctly larger than those of B203 , a glass of rather low packing density 30 . Krypton is used as a sorbate in the BET experiments, and the surface area accessible to this gas, at the liquid N2 temperatures used, seems to be comparatively large, but not descriptive of the deeper lying regions of the glass structure which are accessible to the smaller noble gas atoms at higher temperatures.
In recent years, several attempts have been made to use measured activation energies, E, to estimate a geometrical parameter, rp, according to a simple expression proposed by FRENKEL 2 ' 31, 32 ,
Here G is the shear modulus of the glass, and r the radius of the diffusing gas atoms, r^ is thought to be the radius of a typical "doorway", the narrowest point of the diffusion path. Several sets of data obtained on amorphous Si02 can be readily fitted bv this equation, resulting in rp values between 0.1 Ä and 0.3 Ä, but the underlying idea that a single type of constrictions or "doorways" control the diffusion of He, Ne, and Ar atoms is not consistent with the distribution of critical dimensions as postulated here. A single value of G is perhaps equally unreasonable.
Rather than pursuing the ideas implicit in Eq. (3), one may regard the E, D0, and solubility values reported here and elsewhere as contributing to a more detailed characterization of the glasses studied, on a comparative basis.
As mentioned earlier, the data show a strong and non-uniform dependence of the diffusion parameters D0 and E on the sample crystallinity. The scatter of the data of Table 3 is rather large, but in general the E values are increased very much on devitrification, while the log D0 values do not exhibit a consistent trend; log D0 for Sample M is very low, compared to the other values in this group. Presumably the mode of crystallization and the details of the sample treatment affect the log DjE data very much. From the irregularity of the data (see also Fig. 4 ) it appears that a simple two-phase model as suggested by Maxwell and as applied to diffusion results for example by JESCHKE and STUART 33 will not suffice to explain these results.
Finally, the E and D0 values obtained above the glass transition (Table 2) are very much larger than those found in the lower temperature range. It appears as though a very different mechanism comes into play, perhaps similar to the one(s) suggested for diffusion of gases in organic high polymers 34 , involving cooperative motions of many degrees of freedom in the vicinity of the diffusing species.
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